Yeast Ino2p-Ino4p heterodimeric complex is well known as a transcriptional activator for the genes regulated by inositol and choline, such as the INO1 gene. Apl2p is a large subunit of the yeast adaptin complex, an adaptor complex required for the clathrin coat to bind to the membrane. We found that Ino2p, Ino4p, and Apl2p form a ternary complex. This interaction was initially observed in a yeast two-hybrid study and subsequently verified by co-immunoprecipitation. Ino2p and Ino4p bind to Apl2p in the same region of Apl2p, viz., at the middle part and the C-terminal part. Ino2p and Ino4p bind to Apl2p independently, but more strongly when both are present. Furthermore, a disruption of APL2 together with INO2 or INO4 rendered yeast cells sensitive to oxidative stress. INO2-APL2 double disruptants also showed growth inability in nonfermentable carbon sources, such as glycerol. These results indicate a genetic interaction between APL2, INO2 and INO4 and uncovere novel functions of the Ino2p-Ino4p-Apl2p complex in yeast.
As in other eukaryotes, inositol is synthesized de novo in yeast cells through the conversion of glucose 6phospate to inositol 1-phosphate, followed by dephosphorylation. 1) The former reaction is mediated by inositol 1-phosphate synthase encoded by INO1 in Saccharomyces cerevisiae. 2) Inositol is also taken up into cells in a carrier-mediated manner. S. cerevisiae possesses two distinct inositol transport systems. ITR1 encodes a major transport system and ITR2 a minor one. 3) It is well known that expression of INO1 and ITR1, as well as a number of genes for enzymes involved in the synthesis of phospholipids in S. cerevisiae, is repressed in cells grown in the presence of inositol and choline and derepressed in cells grown in the absence of inositol and choline. 4, 5) INO1 and other co-regulated genes for phospholipid biosynthesis con-tain one or two stretches of a conserved cis-acting promoter element. This consensus sequence, TTCA-CATG, is known as the inositol/choline responsive element (ICRE). The INO2 and INO4 genes encode basic helix-loop-helix proteins (Ino2p and Ino4p respectively) that form a heterodimer and function as a transcriptional factor through binding to ICRE. [6] [7] [8] Mutants having a defect not only in ino1 but also in ino2 or ino4 exhibit the inositol auxotrophic phenotype (ino À ). Additionally, a mutation in the OPI1 gene that encodes a protein containing leucine zipper and polyglutamine stretch motifs leads to an inositol overproduction phenotype. 9) OPI1 gene product (Opi1p) is a negative factor that represses gene expression when inositol and choline are present. Disruption of OPI1 results in a complete loss of inositol-choline-dependent regulation, and those genes, which are regulated by inositol and choline, are fully derepressed.
Recently, the mechanism by which inositol regulates the expression of genes via the OPI1 gene product was reported. 10) When inositol and choline are absent in the media, Opi1p binds to phosphatidic acid on the endoplasmic reticulum (ER) as an inactive form. Once inositol and choline are added, phosphatidic acid is rapidly consumed, releasing Opi1p from ER and allowing its translocation to the nucleus and repression of target genes, but the functional correlations between Opi1p and Ino2p-Ino4p are still obscure.
One approach to determine the biological role of molecules is through the identification of associated proteins. The yeast two-hybrid system is one of the most popular methods used for this purpose these days. With the completion of yeast genome sequencing, approaches to the identification of protein functions have become more comprehensive and systematic, and can succeed at some level. To this end, identification of proteins interacting each other has been attempted comprehensively through two-hybrid screenings. Owing to this kind of two-hybrid screening, Ino4p has been found to interact with APL2 gene product. 11) y To whom correspondence should be addressed. Tel: +81-948-29-7822; Fax: +81-948-29-7801; E-mail: nikawa@bio.kyutech.ac.jp Heterotetrameric adaptor (AP) complexes are thought to coordinate cargo recruitment and clathrin assembly during clathrin-coated vesicle biogenesis. 12) Yeast APL2 encodes a protein Apl2p, which is a homolog of the mammalian AP subunit known to play a role in clathrin-binding to promote clathrin cage assembly. 13) Disruption of the APL2 gene does not cause growth anomalies. Structural homolog of APL2, APL1 and APL6, might compensate the defect of APL2. 14) The APL2 gene product, Apl2p, has been predicted to be a 726-amino acid protein and was shown to contain a clathrin-binding motif, LLDFD, at the C-terminal region (located at residues 722-726), 15, 16) but the correlation between Apl2p and inositol biosynthesis has not been elucidated.
Here we report the interaction of Apl2p with Ino4p in more detail. We found that Apl2p binds not only to Ino4p but also to Ino2p, forming a ternary complex. Gene disruption with a combination of two out of three genes rendered yeast cells sensitive to oxidative stress and unable to grow on non-fermentable carbon sources. These results suggest the functional significance of the Ino2p-Ino4p-Apl2p complex, physiological roles in the signaling pathway between clathrin-coated vesicle biogenesis and lipid metabolism in yeast, and novel functions of the Ino2p-Ino4p-Apl2p complex in oxidative stress response.
Materials and Methods
Strains, media, and growth. The Escherichia coli strains used in this study were JM109 and BL21, and were cultured in Luria broth at 37 C. 17) Ampicillin was used at a concentration of 50 mg/ml. Transformation of E. coli and plasmid preparation by the alkaline lysis method was performed by the standard methods. 17) The yeast strains used are listed on Table 1 . Yeast cells were cultured aerobically in either YPD or synthetic minimal medium with shaking at 30 C. The compositions of the YPD and inositol-supplemented minimal medium M20i (20 mg/ml) were as described previously. 18) Inositol was added to the minimal medium at a concentration of 20 mg/ml. When necessary, L-leucine, L-histidine, Ltryptophan, uracil, and adenine were added to the culture media, each at 20 mg/ml. The absorbance of each culture was measured at 660 nm in an 18-mm-diameter test tube with a Taitech miniphoto 518 spectrophotometer. Yeast transformation was carried out by the lithium acetate method. 19) Construction of gene-disrupted strains. All markerdisrupted DNA fragments, except the URA3-disurpted APL2, were constructed by means of the method for the synthesis of marker-disrupted alleles of yeast genes. 20) The combinations of PCR primers for the construction of gene-disrupted DNA fragments were as follows: 
Strain APL2U having the URA3-disurpted APL2 was created as follows: The APL2 gene was amplified by PCR with genomic DNA as a template and primers MAT leu2 his3 ura3 apl2::URA3 ino2::LEU2 A2I4H MAT leu2 his3 ura3 apl2::URA3 ino4::HIS3 A2I2I4H MAT leu2 his3 ura3 apl2::URA3 ino2::LEU2 ino4::HIS3 A2I2303 MAT leu2 his3 ura3 trp1 ade2 apl2::URA3 ino2::HIS3 A2I4303 MAT leu2 his3 ura3 trp1 ade2 apl2::URA3 ino4::HIS3 SFY526 MATa leu2 his3 ura3 trp1 ade2 lys2 URA3::GAL1-lacZ S2A4H MATa leu2 his3 ura3 trp1 ade2 lys2 URA3::GAL1-lacZ ino2::ADE2 ino4::HIS3
APL2-1 plus APL2-4. The approximately 2.2-kbp DNA fragment thus obtained was cloned with pCR2.1-TOPO to yield pT-APL2. Plasmid pT-APL2 was digested with HpaI and then ligated with the URA3 fragment to generate pAPL2-URA3. The URA3-disurpted APL2 DNA fragment was amplified with primers APL2-1 plus APL2-4 and pAPL2-URA3 as a template, and then used to replace the genomic APL2 with the disrupted one. To constructe the double-and triple-disrupted strains, marker-disrupted gene fragments were amplified by PCR with chromosomal DNA of the gene-disrupted strains as templates and corresponding primers. All the gene disruption was confirmed by PCR with chromosomal DNA as a template.
Plasmid construction. Plasmid vector pGBT9 and pGAD424 (Clontech, Boston, MA) were used for yeast two-hybrid analysis. Plasmid pGEX-2T (Pharmacia LKB Biotechnology, Tokyo, Japan) was the vector for expression of GST-tagged protein. Plasmid pET32a was obtained from Takara Shuzo (Kyoto, Japan). Plasmids pINO1Z and pDIT1 were as described previously. 21, 22) Plasmid pGEM-INO4, containing the PCR-amplified INO4 gene, was obtained from Dr. Hosaka (Gunma University, Gunma, Japan).
Plasmids used for the two-hybrid analysis were constructed as follows: An approximately 1.3-kbp FspI-SspI fragment of INO2 excised from pDIT1 was inserted into the SmaI site of pGAD424 to yield pA-INO2. Plasmid pGEM-INO4, containing INO4, was digested with NcoI and treated with Klenow enzyme. After subsequent digestion with PstI, an approximately 0.5-kbp DNA fragment was inserted between the SmaI and PstI sites of pGAD424 to yield pA-INO4.
Plasmid pT-APL2, described above, was digested with EcoRI. The DNA fragment thus obtained was inserted into the EcoRI site of pGBT9 to yield pGBT-APL2. A series of plasmids expressing deletion derivatives of Apl2p fused to the GAL4 activating domain were constructed as follows: Subclone A was obtained by digesting the pGBT-APL2 with SpeI and BamHI, followed by Klenow treatment and self-ligation. Subclone B was constructed by inserting the 1.2-kbp HpaI-SalI fragment excised from topo-APL2 between the SmaI and SalI sites of pGBT9. Subclone C was obtained by digesting the pGBT-APL2 plasmid with HindIII followed by self-ligation. Subclones C and F were constructed as follows: The APL2 gene fragment was amplified by PCR with primers APL2-2 plus APL2-3 or APL2-2 plus APL2-4. The fragments thus obtained were digested with EcoRI and SalI, and DNA fragments approximately 0.92 and 0.88 kbp were inserted between the EcoRI and SalI sites of pGBT9 to yield subclones C and F respectively.
Subclones I-N were constructed as follows: PCR amplified DNA fragments were cloned into the vector pCR2.1-TOPO, and then EcoRI-SalI digested fragments were transferred into pGBT9 to generate the corre-sponding subclone plasmids. The primers used were combinations of APL2-4 with APL2-5, -6, -7, -8, -10, and -12 for subclones I to N respectively. Subclones D and E were constructed as follows: PCR amplified DNA fragments were cloned into the vector pCR2.1-TOPO, and then BamHI-SalI digested fragments were transferred into pGBT9 to generate the corresponding subclone plasmids. The primers used were combinations of APL2-2 with APL2-9 and -11 for subclones E and D respectively.
The plasmids used for the expression of HA-and GST-fused genes in E. coli were constructed as follows:
The A multi-copy plasmid, p4HA-ITR1, that expresses HA (influenza virus haemagglutinin)-tagged Itr1p under the control of the ADH1 promoter was described previously. 23) The ITR1 gene was removed from p4HA-ITR1 by digesting the plasmid with SacI and BglII, followed by Klenow treatment and self-ligation to yield plasmid pPK5-4HA. An approximately 2.2-kbp SalI fragment of the APL2 gene excised from topo-APL2 was inserted into the SalI site of pPK5-4HA to yield p4HA-APL2. The HA-APL2 fusion gene was amplified by PCR with primers HA-ATGf plus APL2-4 and p4HA-APL2 as a template. The approximately 2.2kbp DNA fragment thus obtained was cloned with pCR2.1-TOPO to yield topo-4HA-APL2. An approximately 2.2-kbp EcoRI fragment of topo-4HA-APL2 was inserted into pET32a to yield pET-APL2.
-Galactosidase assay. -Galactosidase was assayed at 30 C by measuring the increase in absorbance at 420 nm with o-nitrophenyl--D-galactopyranoside as the substrate after the cells had been permeabilized with chloroform and sodium dodecyl sulphate (SDS), as described previously. 21) Western blot analysis. E. coli cells harboring plasmids of HA-and GST-tagged genes were harvested by centrifugation and extracted by abrasion with glass beads (3 mm) in a buffer comprising 20 mM Tris-Cl (pH 7.5), 1 mM EDTA, 5 mM MgCl 2 , 50 mM KCl, 5% glycerol (Buffer A), and protease inhibitors (1 mg/ml pepstatin A, 0.1 mM benzamidine, and 1 mM 4-(2-aminoethy) benzenesulphonyl fluoride). The protein concentrations of the lysates were determined with BCA Protein Assay Reagent (Pierce, Rockford, IL). Extracts of about 3 to 5 mg of proteins were mixed with anti-GST agarose (for rabbit; Sigma, St. Louis, MO) and stored at 4 C overnight. After centrifugation at 5,000 rpm for 1 min, the supernatant was discarded and the beads were washed with Buffer A three times. Proteins bound to agarose beads were extracted with SDS-dye solution (62.5 mM Tris-Cl (pH 6.8), 5 mM EDTA, 2% SDS, 10% glycerol, 5% mercaptoethanol, 0.001% bromophenol blue), and boiled at 100 C for 5 min. The extracts thus obtained, together with the original E. coli extracts containing HA-tagged Apl2p, were subjected to SDSpolyacrylamide gel electrophoresis (8% gel). Then the proteins were transferred to a nylon membrane (Hybond-C, Amersham, Piscataway, NJ), and the HA-fused protein was determined with an anti-HA antibody (Anti-HA High Affinity; Boeringer Mannheim, Mannheim, Germany) as the primary antibody and alkaline phosphatase-conjugated anti-rat IgG (Santa Cruz Biotechnology, Santa Cruz, CA) as the secondary antibody. Blots were visualized using the detection kit (Boeringer Mannheim).
Results

Apl2p interacts not only with Ino4p but also with Ino2p
Uetz et al. reported interaction between Apl2p and Ino4p by the yeast two-hybrid method. 11) To confirm this, we first conducted the immunoprecipitation experiment using proteins expressed in E. coli. Since it is well known that Ino2p and Ino4p form a heterodimer in yeast cells, we determined the interaction not only between Apl2p and Ino4p but also between Apl2p and Ino2p. We generated plasmids expressing HA (influenza haemaglutinine peptide)-fused Apl2p and GST (glutathion S transferase)-fused Ino2p and Ino4p. E. coli-expressed proteins were mixed in combination with HA-Apl2p plus GST-Ino2p, HA-Apl2p plus GST-Ino4p, and HA-Apl2p alone. GST-Ino2p or GST-Ino4p was then precipitated with anti-GST agarose beads, and the proteins precipitated were subjected to Western blot analysis with anti-HA antibody. As shown in Fig. 1 , no protein was detected when only HA-Apl2p was used. However, HA-Apl2p clearly co-precipitated with GST-Ino2p or GSTIno4p when HA-Apl2p was mixed with GST-fused proteins. These results clearly indicate that Apl2p interacts not only with Ino4p but also with Ino2p. It is also clear that these interactions of Apl2p with Ino2p and Ino4p are direct.
Apl2p, Ino2p and Ino4p form a ternary complex
To confirm the above results, we next determined the interaction of Apl2p with Ino2p and Ino4p by the yeast two-hybrid method. For this purpose, plasmids expressing entire Apl2p fused to the Gal4p DNA binding domain, and Ino2p and Ino4p, both fused to the Gal4p activating domain, were constructed. These constructs were introduced into yeast wild-type cells to determine the interactions by measuring -galactosidase activity. Since Ino2p and Ino4p form a heterodimer in yeast cells, we also generated the ino2Áino4Á strain and used it as a host strain for two-hybrid analysis to determine the interaction between Apl2p and Ino2p or Apl2p and Ino4p. As shown in Fig. 2 , not only Ino4p but also Ino2p again clearly interacted with Apl2p in wild-type cells. The interaction between Ino2p and Apl2p was stronger Extracts of E. coli cells producing HA-tagged Apl2p were incubated with extracts of E. coli cells producing either GST-tagged Ino2p or Ino4p, or buffer A alone. The mixtures were immnoprecipitated with anti-GST agarose, and the immnoprecipitated proteins were subjected to immnoblotting using the monoclonal antibody against the HA-epitope of the tagged Apl2p. Lane 1, detection of HA-Apl2p produced in E. coli. Lanes 2 to 4, detection of proteins immnoprecipitated with anti-GST agarose.
Fig. 2. Yeast Two-Hybrid Analysis to Detect the Interaction between
Apl2p and Ino2p or Ino4p. Two-hybrid analyses were carried out using the wild-type and ino2Áino4Á strains. Cells harboring pGBT-APL2 (pB-APL2) together with pA-INO2, pA-INO4, or vector pGAD424 (pA-vector) were cultured in minimal medium M20i to the exponential phases and used for determination of -galactosidase activities. Data are means of activities in three independent transformants. Error bars indicate standard deviations. than that between Ino4p and Apl2p. Even in the ino2Áino4Á strain, significant interactions were observed in each case, but both interactions were much weaker in the ino2Áino4Á strain than in the wild-type strain. Cells harboring plasmid pA-INO2 or pA-INO4 together with the pGBT9 vector exhibited -galactosidase activities of less than one unit. These results indicate that co-existence of Ino2p and Ino4p makes their binding to Apl2p tighter, strongly suggesting the formation of Ino2p-Ino4p-Apl2p ternary complex in yeast cells.
Binding domain in Apl2p
In an effort further to identify the regions of Apl2p that interact with Ino2p and Ino4p, we constructed several subclones having parts of the APL2 gene. A series of APL2 fragments was fused to the GAL4 fragment, which encodes the DNA binding domain, and was used to determine whether proteins derived from these constructs would interact with Ino2p and Ino4p. As shown in Fig. 3 , the N-terminal half of Apl2p had no ability to bind to Ino2p or Ino4p (subclone A). Subclones having residues 329 to 726 and 424 to 726 interacted with Ino2p and Ino4p, but one having residues 439 to 726 did not. These results clearly indicate that amino acid residues around 424 to 438 in Apl2p are important for the interaction with Ino2p and Ino4p. It is noteworthy that removal of the N-terminal half of Apl2p (subclone B) enhances the interaction with Ino2p and Ino4p, suggesting that the N-terminal half might have a negative effect on the interaction.
In addition, the C-terminal region of Apl2p was also important for binding to Ino2p and Ino4p. In comparison to subclone C, subclone N, lacking C-terminal 6 amino acid residues, exhibited very low activity, but the shorter subclone M showed -galactosidase activity relative to that of subclone C. The shorter subclone L again lost the activity. These results strongly suggest that the amino acid sequence of Apl2p at the C-terminus is important for binding to Ino2p and Ino4p.
Effects of APL2 on INO1 expression
Since Ino2p and Ino4p form a heterodimer to promote the expression of genes including INO1, and Ino2p-Ino4p complex binds to Apl2p, it is conceivable that Apl2p also has some function in INO1 expression and inositol homeostasis. To address this, we generated an APL2-disrupted (apl2Á) strain and determined its growth on inositol-free medium and INO1 expression in it using the reporter gene INO1-lacZ. We also constructed a multi-copy plasmid containing APL2 and introduced it into wild-type cells together with plasmid pINO1Z having the INO1-lacZ gene, but no inositol auxotrophic phenotype or growth phenotype has been observed in the apl2Á strain. Furthermore, neither disruption of APL2 nor overexpression of APL2 caused a significant effect on the levels of INO1 expression under inositol-free or inositol-containing conditions (data not shown).
Effects of oxidative stress
Next we constructed yeast strains having the defect of APL2 together with INO2 or INO4 and attempted to determine the effects of several stresses on the cell growth of the disruptants. No obvious growth defects were observed when cells were cultured in the presence of salts such as NaCl, KI, NaI, MgSO 4 , CaCl 2 , or KCl, up to 0.5 M. No high-or low-temperature sensitive phenotypes were observed (36 C and 23 C respectively), but we found that disruptants having apl2Á together with ino2Á or ino4Á were sensitive to hydrogen peroxide. As shown in Fig. 4 , it is clear that the growth of the ino2Áapl2Á strain was diminished when cells were cultured on minimal medium containing 1 mM hydrogen peroxide. The growth of the ino4Áapl2Á strain also showed hydrogen peroxide sensitivity, but less than that of the ino2Áapl2Á strain. The ino2Áino4Á strain was slightly sensitive to oxidative stress. All single disruptants, ino2Á, ino4Á, and apl2Á, were resistant to hydrogen peroxide (up to 2 mM).
Growth on non-fermentable carbon sources
Next we determined the growth of disruptants on carbon sources other than glucose. All disruptants grew normally on glucose, galactose, and rafinose, but the ino2Áapl2Á strain showed a defect in growth on nonfermentable carbon sources such as glycerol ( Fig. 5 ) and acetate (data not shown). Not only single disruptants, ino2Á, ino4Á, and apl2Á, but also the double disruptant, ino4Áapl2Á, grew normally on the nonfermentable carbon source.
Discussion
Clathrin-associated adaptor protein (AP) complexes are major structural components of clathrin-coated vesicles, functioning in the formation of intracellular transport vesicles, clathrin coat assembly, and cargo selection. 12) The yeast S. cerevisiae APL2 encodes a large subunit of AP-1, Apl2p, which corresponds to mammalian 1 adaptin. The C-terminal region contains two sequences related to the clathrin-binding motif [L (L, I) (D, E, N) (L, F) (D, E)] identified in mammalian clathrin-interacting proteins. 2, 15) One sequence, LLDFD (638-642), precisely matches the mammalian consensus sequence, and the other, LLDLF, at the extreme C-terminus (722-726), is very similar to the motif except for one residue. In a previous study, Yeung and Payne reported that the C-terminal region of Apl2p (471-726) interacted with clathrin as detected by immunoblotting analysis. 15) They found that the GST fusion protein containing only the C-terminal 21 amino acids (705-726) retained clathrin-binding activity. Conversion of the terminal 3 amino acid residues to alanines eliminated clathrin binding. These results indicate that the Cterminal motif represents the clathrin-binding site, at least in the context of the GST fusion protein. They also found that when the C-terminal LLDLF motif was removed by truncation, the resulting fusion protein still displayed interaction with clathrin, and that clathrin- Wild-type and gene disrupted yeast cells were cultured at 30 C in glucose minimal medium M20i with or without hydrogen peroxide. Cells were grown for 3 d. Wild-type and gene disrupted yeast cells were cultured at 30 C in glucose-containing minimal medium M20i and medium containing galactose or glycerol instead of glucose. Cells were grown for 3 d. binding ability was abolished by mutation of the DFD residues in LLDFD (638-642) to alanines in the truncated fusion. These results strongly suggest that Apl2p contains a C-terminal LLDLF sequence that acts as the predominant clathrin-binding site, and an LLDFD sequence that constitutes a second, apparently cryptic, clathrin-binding site.
In the studies we present here, six C-terminal amino acid residues were also important for Apl2p to bind to Ino2p and Ino4p. Removal of these six residues abolished the binding ability of Apl2p to both Ino2p and Ino4p. However, as is the case of clathrin, further deletion (a derivative of residues 424-684) resulted in recovery of the binding ability of Apl2p, though the responsive amino acid residues were different. A subclone having residues 424-660 did not exhibit binding to Ino2p or Ino4p. In the region between 661 to 684, there might be a second cryptic Ino2p-Ino4p binding site. Two closely located sequences, LGDLD (665-669) and LDDLF (668-672), resemble the clathrin-binding motif, and one of these might be a candidate. Further study is necessary to identify the responsive sequence.
When compared the binding of Apl2p to clathrin with that to Ino2p and Ino4p, a remarkable difference was observed, viz., middle part of Apl2p was essential for the binding of Apl2p to Ino2p and Ino4p. The subclone having residues from 424 to 726 binds to Ino2p or Ino4p, but one having residues from 439 to 726 does not. It is noteworthy that subclone E had the same amino acid residues, 471-726, which have been reported to have binding ability in the case of clathrin, 15) and did not bind to Ino2p or Ino4p. These results clearly indicate that the 15 amino acid residues from 424 to 438 are important for the binding of Apl2p to Ino2p or Ino4p. Also, the C-terminal half derivative, subclone B, showed stronger binding ability to both Ino2p and Ino4p, when compared to the clone of full length. The N-terminal half region might have negative function in the binding to Ino2p and Ino4p.
Yeast Apl2p is a homolog of the AP-1 subunit in mammals, nematodes, and so on. A region at the amino terminus of the AP-1 subunit, comprising about 500 amino acid residues, corresponds to the so-called trunk homology domain. The hinge domain of the AP-1 subunit is of variable length and exhibits little if any sequence homology, but the hinge domains of adaptins contain clathrin-binding motifs conforming to the consensus, L(L, I)(D, E, N)(L, F)(D, E), as described above. 16) Homology in the carboxyl-terminal ''ear'' domains of the subunit is lower than that in the trunk domains. This probably reflects the functional diversity of the various AP complexes. As described a previous report 15) and in this report, the yeast C-terminal clathrinbinding motif sequence is important for Apl2p to bind clathrin and Ino2p and Ino4p. This C-terminal clathrinbinding motif sequence is well conserved in fungal species, indicating the physiological importance of this sequence (Fig. 6) . It is noteworthy that other adaptin subunits of S. cerevisiae, APL1 and APL6 gene products, have no such motif sequence at the C-terminus.
What is the physiological role of the binding of Apl2p to Ino2p-Ino4p? Even though we have not detected any changes in INO1 expression in APL2-disrupted strains or APL2-overexpressing strains so far, it is an attractive hypothesis that the formation of clathrin-coated vesicles requires more lipids, thus Ino2p-Ino4p complex activates genes necessary for the synthesis of lipids after released from Apl2p and translocated to the nucleus.
We found that APL2 is genetically correlated with INO2 and INO4. The evidence is that not a single disruption of APL2, INO2, or INO4, but rather disruptions of two genes out of three abolished cell growth on non-fermentable carbon sources, such as glycerol and acetate. Double disruption of APL2-INO2 or APL2-INO4 also rendered cells sensitive to hydrogen peroxideinduced oxidative stress. All aerobically growing organisms suffer exposure to oxidative stress caused by known reactive oxygen species (ROS), such as hydrogen peroxide. Like other organisms, S. cerevisiae have evolved several protective mechanisms, including direct reversal of the damage and induction of antioxidants and detoxifying enzymes to decompose ROS. [24] [25] [26] Therefore, when cells have malfunctions in protective mechanisms, they become sensitive to ROS, cannot grow, and in some cases undergo a form of apoptosis. Comprehensive analyses of the genes necessary to maintain cellular viability against ROS have been reported by screening S. cerevisiae 4,546 deletion-mutant collections. 27) Many genes with no previously known associ- ation with oxidative stress have been uncovered. Among these 121 genes, including 44 unknown functions, were necessary for protection against hydrogen peroxide, and 88% of these mutants were respiratory deficient. Therefore, it is thought that an intact mitochondrial function is required in defense against hydrogen peroxide-induced stress. In this study, we found that the INO2-APL2 double disruptant showed hydrogen peroxide sensitivity and growth defect on non-fermentable carbon sources. This evidence indicates that INO2 and APL2 gene products, in combination, play a role in normal function of the respiratory chain and in protection against hydrogen peroxide-induced oxidative stress. To date, no satisfactory explanation for the dependence of oxidant resistance on respiratory function has been made. Further analysis of gene products of INO2, INO4, and APL2 should shed light on the oxidative stress response and respiratory chain function.
